INTRODUCTION
D yes are complex organic compounds which are commonly used in textile, paper, printing, carpet, plastic, food and cosmetic industries. The treatment of wastewater in these industries is a serious environmental problem as ca. 40.000-50.000 tonnes of dye-pollutants are annually discharged to waters. Common treatment methods for dye-polluted water include adsorption, biodegradation, coagulation, oxidation, ozonolysis and membrane processes, each one having its own advantages and limitations [1] . The traditional physical methods which transform organic subtances to other forms are quite expensive. Recents studies are therefore directed to the development of more efficient techniques towards the complete mineralization of the dye by oxidation of carbon to CO 2 , nitrogen to NO 3 − and hydrogen to H 2 O with environment-friendly catalysts [2, 3] .
Many heterogeneous systems composed of hydrogen peroxide and a metal oxide have been reported to perform better than homogeneous systems for catalytic degradation of dyes [4, 5] . Among the metal oxide based heterogeneous systems, manganese oxides have been widely applied as catalysts in waste water treatment. Porous manganese oxides with variable manganese oxidation states and in various polymorphic forms are active oxidants for organic molecules and functional groups [6] . Segal and Suib reported the degradation of "pinocyanol chloride dye" with octahedral molecular sieves prepared by doping porous manganese oxides with Fe 3+ , Co 2+ and Cr 3+ [7] . The same researchers later studied the degradation of "methylene blue" with these doped manganese oxides in the presence of peroxide and introduced the method as a versatile and green approach [8] . MnO 2 photo-catalyzed the degradation of Bengal Pink acting as a semi-conductor forming hydroxyl radicals (OH . ) through positive holes [9] . Kannan et al. demonstrated decolorization of "methylene blue" and "amido black" dyes with layered-and octahedral manganese oxides in the presence of hydrogen peroxide [10] . Ultrasonic radiation was found to enhance the activity of MnO 2 catalyst in the degradation of "acid red B" [11] . Various dyes were shown to adsorb on diatomite-supported manganese oxides via surface adsorption and intercalation mechanisms [12] .
Magnetic nanocatalysts have recently gained attention in the field of heterogeneous catalysis with respect to classical homogeneous catalysts due to their unique surface properties, high surface areas and easy separation from the reaction medium by means of an external magnetic field. Core-shell structured Fe 3 O 4 @K x MnO 2 nanocomposite has been suggested as a powerful adsorbant for organic dye pollutants [13] however dye degradation reports with such systems are very limited to the authors' knowledge.
CV is a triphenylmethane dye (Scheme 1) and is most widely used for the dyeing of cotton, wool, silk, nylon, paper, leather etc. Like many other basic dyes, CV is toxic and poses a threat to the environment [14] . Metal oxide catalysts employed so far for the removal/degradation of this dye include ZnO [15] , Fe 3 O 4 [16] , polytungstonickelate [17] and nano-Mn 3 O 4 [18] . All of these studies suggest a Fenton-type oxidation mechanism proceeding through hydroxyl radicals generated by photocatalysis or from peroxide [19, 20] . This work is aimed to investigate the implications of birnessite type layerednano-MnO 2 and core-shell nanocomposite MnO 2 @ MnFe 2 O 4 catalysts in the degradation of CV in the presence of H 2 O 2 (Scheme 1).
MATERIALS and METHODS

Materials
Crystal violet was obtained from Sigma-Aldrich and used without any further purification (λ max : 589 nm at pH= 6). The reactions were conducted in deionized water. Hydrogen peroxide (30%) was obtained from Merck. nanocomposite were prepared according to our previous synthetic protocol [21, 22] and characterized by X-ray diffraction (XRD) and electron microscopy techniques.
Synthesis of Layered
Powder XRD patterns were recorded using a Rigaku D/MAX-2200 diffractometer equipped with graphite-filtered Cu Kα radiation (λ=1.54056 Å) from 3 to 70° (2θ) at a scanning rate of 2° min -1 . Fi-eld-emission scanning electron microscopy (SEM) images were recorded using a FEI Quanta 200 FEG instrument and high-resolution analytical transmission electron microscopy (TEM) images were recorded with a FEI Tecnia G2 F30 instrument operating at 300 or 100 kV. 4 and 0.5 mL of concentrated propionic acid were slowly added with vigorous stirring. The solution was stirred mechanically and refluxed at 90°C for 1 h. The product, MnO 2 @MnFe 2 O 4 , was separated using a magnet, thoroughly washed with deionized water and dried at 65°C for 24 h. Layered MnO 2 : The plain catalyst was prepared by the method described above but without supporting over MnFe 2 O 4 particles.
Dye Degradation Studies
Catalytic dye degradation studies were carried out at room temperature in an open batch reactor with continuous stirring and dye oxidation was followed by observing decolorization of the reaction solution.
The optimal pH value at which the degradation reaction proceeds while the catalyst maintains its stability was found to be 5-6 after recording the UV/Vis spectra of solutions between pH 6-11.The pH was adjusted to 6 by addition of HCl/NaOH to a mixture of dye, peroxide and catalyst and a series of degradation reactions were performed by changing the dye/catalyst/H 2 O 2 ratios to investigate the dye degradation efficiencies of the catalysts. During the entire process, pH was not readjusted and no buffer solution was used. The use of buffer seemed not to have any significant effect on the reaction between peroxide and manganese species. Blank experiments were run under similar conditions but without using peroxide. After a given time interval, 5.0 µL of the mixture solution was pipetted out, micropore filtered and analyzed.
Mass Spectrometry
Analyses of samples were carried out using Agilent 6530 Accurate-Mass Q-ToF-MS instrument equipped with Agilent Jet Stream (AJS) ESI source (Agilent Technologies, USA). Solutions of samples were diluted with a 1:1 (v/v) mixture of water and methanol. The sample solutions were directly infused into the ESI source at a flow rate of 10 µL/min. Mass spectra were acquired in the high-resolution mode (4 GHz, High Res Mode) at 100-3200 m/z range. Analyses were performed in positive ion mode using the following settings: both drying and sheath gas (nitrogen) temperatures were set as 350 o C at 10 L/min flow rate, nebulizer pressure at 40 psi, capillary voltage at 4000 V, and fragmentor voltage at 175 V. Both centroid and profile data were acquired with Agilent Mass Hunter workstation software. , H·) where hydroxyl radicals are not generated. Decomposition proceeds not only directly on the surface of manganese oxide, but also through a propagation reaction involving intermediates such as hydroperoxide/superoxide anion in solution [23, 24] . So, a reductive pathway through a nonhydroxyl radical could therefore be possible here for CV degradation.
RESULTS and DISCUSSION
Dye degradation profile was investigated by monitoring the ESI-MS spectra of samples withdrawn from the reaction medium at specified time intervals ( Figure 4 ). Non-degraded CV gives a molecular ion peak at m/z 372.25 and a low intensity signal at m/z 358.25 corresponding to an N-demethylated product. After 1 h of reaction time, the signal at m/z 372.25 disappeared suggesting that the dye was completely decomposed to smaller fragments. The main degradation products were assigned as 4-isocyanobenzaldehyde (observed at m/z 130.16) (A) and 4, 4'-bis(dimethylaminobenzophenone) (m/z 269.17) (B). Compound B is the well-known Michler's ketone which has been reported as one of the main intermediates among the biodegradation and chemical degradation products of CV [5, 20] . B is formed by the cleavage of the chromophore structure after radical attack on the conjugated skeleton. As the reaction proceeded, intensity of the m/z 269.17 peak decreased while N-demethylation peaks regularly appeared at m/z 15 differences (including the one at m/z 240.16). Some new peaks appeared above m/z 500 due to the polymerization of small fragments in time.
In addition to the benzophenone formation and N-demethylation degradation route described above, an alternative pathway would be suggested when the ESI-MS spectra were analyzed (Scheme 2). The signal at m/z 130.16 was persistent in all spectra recorded periodically over 24 h and was noticed for the first time in the degradation of CV ever reported, to our knowledge. Hydrogen atom attached to the carbonyl group of an aldehyde molecule tends to be expelled to form a stable acylium ion in the gas phase. Therefore, aldehydes have an intense [M−H] + peak in the mass spectra. We assigned this signal as the [M-H] + peak of 4-isocyanobenzaldehyde (A). So, a plausible mechanism for the formation of (A) could be suggested as follows: hydroperoxide/ superoxide anion radicals attack on the central carbon atom of the chromophore structure cleaving CV into two fragments. An aldehyde group is formed on the central atom while aromatization of the cyclohexadiene ring, N-demethylation of the quaternary nitrogen and conversion to isonitrile structure yields (A). The second fragment, N,N,N',N'-tetramethylbiphenyl-4,4'-diamine, is formed by coupling of two N,N-dimethylaniline radicals and having signals at m/z value of 240.16. Further degradation leads to formation of other products which will not be discussed here because CV rapidly degrades to two main fragments, (A) and Michler's ketone, both of which are biodegradable.
Michler's ketone degrades naturally when released into the soil, water and air by sun irradiation and microbes in aquatic environments [25] . On the other hand, C≡N moiety containing compound (A) is a member of the toxic nitrile family but can be eliminated by microbial degradation. Researchers from Japan reported two new enzymes for C≡N bond cleavage and clarified the degradation pathway. Isonitrile hydratase catalyzes hydration of isonitrile to N-substituted formamide which then converts to amine and formate by formamidedeformylase [26, 27] .
Although the degrading rate of the catalyst was quite high, degradation efficiency was limited with the first use. It is known that MnO x catalysts are not recyclable in Fenton-like systems where the reaction with H 2 O 2 causes deactivation of the catalyst [ 28, 29] . Nevertheless, the catalyst system is costeffective, environmental-friendly and rapidly degrades CV into biodegradable products which itself is a resistant molecule to conventional biological wastewater treatment and biodegradation in natural environments [14] .
Degradation of CV with MnO 2 @MnFe 2 O 4 Catalyst
Applying the same conditions given above for the layered MnO 2 catalyst, degradation of CV proceeded in a longer period with the MnO 2 @MnFe 2 O 4 catalyst. The catalytic reaction rate was relatively slow and complete decolorization of the dye solution was observed in ca. 4 hours due to the lower concentration of the active Mn sites present in the shell for the same amount of the nanocomposite catalyst.
Magnetic nanocomposites have been used as recoverable, recyclable and efficient adsorbents for the removal of dye pollutants [30] . However, no such advantage is considered here for dye degradation reaction because the activity of the catalyst decayed eventually.
CONCLUSIONS
In the present study, degradation of aqueous CV dye solutions was studied comparatively with layered-MnO 2 and MnO 2 @MnFe 2 O 4 nanocompos- ite catalysts. The tests showed that both can degrade CV in the presence of H 2 O 2 but the former with a higher activity. The degradation efficiency reached nearly 100% in 20 minutes when CV was degraded by layered-MnO 2 .
The catalyst systems presented here are active with H 2 O 2 which also causes a structural destruction of the catalyst eliminating the possibility of recycling. However, using a small amount of catalyst (5 mg) for a concentrated dye solution (ca. 200 ppm) might be considered as an advantage.
Degradation occurred through several different pathways as indicated by ESI-Q-ToF-MS analyses. Michler's ketone and 4-isocyanobenzaldehyde were proposed as main degradation products both of which can potentially be biodegraded to mineralization products. It is concluded that layered manganese oxides can be effectively applied in CV degradation reactions as cheap and environment friendly catalysts. 
